Introduction

Background
The Epilepsy Phenome/Genome Project (EPGP) [1] is a largescale, multi-institutional, collaborative network consisting of 27 epilepsy centers throughout the U.S., Australia, and Argentina, with the objective of collecting detailed phenotypic and genetic data on a large number of epilepsy participants. The goals of EPGP are (1) to perform detailed phenotyping on 3750 participants with specific forms of non-acquired epilepsy and 1500 parents without epilepsy, (2) to obtain DNA samples on these individuals, and (3) to ultimately genotype the samples in order to discover novel genes that cause epilepsy. Specifically, EPGP will characterize the clinical, electrophysiological and neuroimaging phenotypes of participants with discrete subtypes of idiopathic generalized, localization-related or severe earlyonset epilepsy, and use these data in combination with genomic analyses to identify genetic determinants of these phenotypes. Because EPGP is collecting large amounts of phenotypic, imaging and genomic data on thousands of study participants, a reliable and robust informatics platform was deemed essential to maximize efficiency [2] and security of data collection. An informal assessment of what technologies were used on other clinical research projects found that commercial solutions were too expensive and open-source solutions did not adequately provide the functionality required to support the needs of the EPGP study. Therefore, we created sophisticated web-based applications for participant tracking, electronic data collection (using electronic case report forms/surveys), data management, phenotypic data review and validation, specimen tracking, and electroencephalography (EEG) and magnetic resonance imaging (MRI) storage and review. A central EPGP data repository was designed to store all transactional data, and a data warehouse was created to facilitate reporting, data exploration, and data analysis. Procedures were also developed to train and support end-users at each clinical site. Participant privacy was paramount, so EPGP's systems met all the requirements of current privacy standards, such as the HIPAA (Health Insurance Portability and Accountability Act) [3] and 21CFR Part 11 [4] .
This report outlines the applications and tools we developed for EPGP, the support structures created, the results of the informatics platform implementation, results of an enduser satisfaction survey, lessons learned, and plans for future development.
Methods
Protocol overview
Participants meeting study eligibility criteria [5] 
End-users
The primary users of the EPGP informatics platform are PIs and study coordinators. The duties of the study coordinators include enrolling new study participants, conducting webbased surveys and uploading EEG files, MRI files and medical records. PIs and Co-PIs complete the Final Diagnosis Forms for their site's study participants, and complete the characterization of their participants' EEGs and MRIs.
System development
After searching for suitable off-the-shelf and open-source tools to support the informatics needs of EPGP, we decided to develop our own suite of informatics applications based on the Microsoft ® platform. This approach allowed for the most flexibility in terms of ease of use, and availability of training materials to train end-users, which most third-party systems do not provide [7] . Because of a limited timeframe of 12 months for the development of all applications, we adopted a rolling-wave approach to creating the software that involved a progressive elaboration of system development. This enabled us to deploy the applications on a staggered basis. The software design process used physical prototypes of the web applications rather than relying on verbose design specifications, and this permitted us to develop the software more quickly and respond to changing requirements in an agile manner. There is a single central EPGP data repository that stores all the study's phenotypic data (transactional data), but because of its complexity, it did not lend itself easily to interface with external reporting and data analysis tools. Therefore, we designed and implemented a separate EPGP data warehouse that is populated from the transactional database using ETL (Extract, Transform, Load) techniques on a near real-time basis. The EPGP data warehouse is fully documented in a data dictionary that explains all of the data elements, ensuring that the data warehouse is easily comprehensible to the researchers who use it. Fig. 1 depicts the suite of web-based applications that comprise the EPGP informatics platform, along with the interaction between the applications and the databases illustrating data flow and functionality. 
Application architecture
Document library/team collaboration
The EPGP project uses Microsoft ® SharePoint ® 2010 [8] for team collaboration, file sharing and document management. Features implemented include an EPGP project collaboration website, discussion boards, contact lists and news items. The document management feature is used to store the study's essential documents, such as the study protocol, manual of operations (MOP), standard operating procedures (SOPs), training videos and meeting minutes.
Participant Activity Tracker
The Participant Activity Tracker (PAT) application allows study personnel to enroll new participants, record phenotypic data and track the progress of the participants' phenotyping activities, such as data collection forms, blood specimens, AED (antiepileptic drug) histories, EEG reviews and MRI reviews. Electronic data collection forms are launched in a web browser and are completed entirely online with the participant present (or remotely via a telephone interview). The study coordinator can search for their site's participants' records using different search criteria and update the participant's information (such as epilepsy type, participant type, age, gender and initials), as well as generate family pedigree charts. The subject's participant type (e.g. proband, sibling, affected parent, unaffected parent) determines which versions of the questionnaires are used. The last activity for each participant is the Final Diagnosis Form, which requires all other activities to be completed first.
Specimen tracking
Blood specimens are collected on all study participants and are stored at Coriell. Each specimen collection tube is tagged with the participant's identifier and a unique tube identifier, which is used to track the specimen throughout its lifecycle. The submitting clinical site monitors the specimen shipment using EPGP's web-based specimen tracking system, which has an interface to the courier's web service to track each shipment during transit. When the specimen is received at Coriell, their IT system calls EPGP's web service to record that the specimen was received and passes back the Coriell/NINDS identifier assigned to the participant's specimen.
Family pedigree
The family pedigree chart is a pictorial display of a participant's family relationships and epilepsy history. EPGP's pedigree charting tool was developed using Microsoft ® Silverlight ® [9] , and is integrated into the Participant Activity Tracker (PAT) web application. It allows family members enrolled in the study to be linked using an easy-to-use interface, and accommodates families consisting of multiple generations and extended family members. As shown in Fig. 2 , the symbols used to represent participants in the family pedigree are drawn using heavy lines to indicate the individual is an enrolled participant. Bold or dark color-fills indicate that the participant's epilepsy type has been taken from the participant's Final Diagnostic Form (completed after all data have been collected and reviewed), which also contains the participant's International League Against Epilepsy (ILAE) code [10] for epilepsy syndrome classification. The lighter/faded color-fills indicate that the participant's Final Diagnosis Form has not yet been completed, and the epilepsy type was obtained from the data collected at enrollment instead ( Fig. 3 ).
Web-based phenotypic data collection
EPGP's web-based platform enables full tracking of the study's participants across multiple clinical sites and provides for 100% electronic data collection (EDC). Electronic Case Report Forms (eCRFs) are designed using a web-based forms designer, which can accommodate a broad range of question types (e.g. free text, radio buttons, checkboxes, drop-down lists and grid questions). It has advanced data validation and branching capabilities to streamline the data collection process and ensure that data are collected correctly. The eCRFs are launched from within the Participant Activity Tracker application by clicking on a specific activity, as shown in Fig. 4 . The list of activities is specific to the selected participant (i.e. the participant's schedule of activities is based on their participant type and epilepsy type). The completion status of an activity can be 'Not started', 'In-progress', 'Site completed' and 'Completed'. If the status of the eCRF activity is 'In-progress', the end-user can resume the form from the point he/she left off. The status of the CRF will automatically change to 'Completed' when the activity is entirely finished. An activity that is 'Site-completed' means that the clinical site has completed the activity, but it has been forwarded to a core team for further review (e.g. EEG or MRI Core Review).
Data warehouse
The EPGP data warehouse was implemented using Microsoft ® SQL 2008 ® [11] and is used primarily to facilitate intuitive reporting, analysis and data visualization. Essential components of the data warehouse architecture are the ETL (Extract, Transform, Load) processes that populate the data warehouse regularly, and the data dictionary that describes the data elements in the data warehouse. The ETL processes are automated and import phenotypic data from the transactional databases every four hours so that the data warehouse is near real-time. The EPGP data dictionary is a catalogue of all EPGP's clinical data elements in the data warehouse. It consists of metadata that describes the underlying data, and is essential because of the volume and diversity of data stored in the data warehouse. The data dictionary consists of more than 3000 clinical data elements and contains information such as data point name, data type, length, description, origin, usage, format and encoding.
EEG/MRI file store
Clinical sites submit primary EEG and MRI files electronically over a secure channel to EPGP's FTP file server, or via a courier or mail. The file transfer protocol uses FTPS (also known as FTP Secure and FTP-SSL), which is an extension to the commonly used file transfer protocol (FTP). FTPS adds support for the Transport Layer Security (TLS) and the Secure Sockets Layer (SSL) to provide secure communications over the Internet. Only authenticated end-users using a client FTP application that supports FTPS-IMPLICIT can connect to EPGP's FTP file server.
EEG/MRI phenotyping and core review
Participants' EEG and MRI studies are collected to confirm epilepsy diagnosis and classification, and to facilitate genetic analysis of specific EEG and MRI features. The EEG and MRI files are uploaded to a 'drop zone' on the FTP file server. From here, the files are de-identified and archived into a standard accessible format. EEGs are archived to Persyst Insight II ® [12] format and MRIs are stored in DICOM (Digital Imaging and Communications in Medicine) [13] format. When the files are ready for characterization by the respective EEG or MRI Review Cores, a workflow is triggered and the randomly selected reviewers are alerted via email. The EEG/MRI reviewers use the appropriate software to view the EEG or MRI, and use EPGP's web-based review applications to record the phenotypic characteristics. Where there are disagreements on the EEG/MRI phenotyping or the tests are deemed ineligible for inclusion in the study, a Consensus Review process takes place, allowing a final decision to be taken on the specific EEG/MRI. The ability to use web-based tools to capture and review EEG/MRI phenotypic data ensures that the accuracy of phenotyping and eligibility standards are upheld, and it promotes consistent EEG/MRI phenotyping for all study participants [14] .
Pharmacogenomics
We developed novel informatics tools for the recording and reviewing of responses to AEDs. These tools facilitate the rigorous collection of drug response data, and careful assignment of pharmacosensitive or pharmacoresistant phenotypes of a large sample of participants with epilepsy. These data will enable the detection of clinically meaningful associations between multi-gene mutations and AED resistance. The tools include (1) a decision tree to classify the AED, which leads the study coordinator through a series of decision points that will ultimately lead to the AED classification of uninformative, success or failure, (2) a web-based data collection form to collect the participant's AED medication and drug response history, and (3) a web-based AED Review process to allow the AED Core review all AED data. 
Phenotypic data review
The purpose of the phenotypic data review application is to facilitate a review of medical records and phenotypic data for a subset of EPGP's study participants. As depicted in the workflow shown in Fig. 5 , two initial reviewers are randomly selected to review each participant's data. If either of these reviewers flags any concerns in the data, an automatic email, which contains details of the concern(s) recorded, is sent to the clinical site PI. Through an exchange of emails between the clinical site PI and the primary data reviewer, the reviewer eventually decides what changes (if any) are required to the participant's data; these are then implemented by the clinical site PI by editing the existing data using the web-based phenotypic forms.
Data reporting/data visualization
The phenotypic data in the database are accessible through a variety of means, including a 'Google-like' search web site, MS Excel/MS Access and various other data analysis and data visualization tools. The 'Google-like' search website allows the user to search and retrieve participants' phenotypic data, which are stored in readable PDF files. End-user database and analysis tools, such as MS Excel/MS Access, can connect directly to the EPGP database via ODBC (Open Database Connectivity), which is a standard software interface for accessing database management systems, over a secure Virtual Private Network (VPN) connection. Access to actual EEGs and MRIs is via a secure FTP client or a mapped-drive to EPGP's FTP file server.
The data visualization tools enable data stored in EPGP's large phenotypic datasets to be condensed into meaningful visual representations and facilitate visual comparisons of data. A number of reports and charts were developed so that the study's progress could be monitored in real-time. Examples of some of the reports that were created are listed in Table 1 .
Server and network infrastructure
EPGP uses a redundant, secure, reliable, Internet-connected high-speed network and Virtual Private Network (VPN). Systems are "virtualized" and hosted at the UCSF Secure Datacenter. The center is staffed 24 h a day and newly built to withstand high seismic activity with redundant cooling systems, uninterruptible power supply and diesel generated power backup. In the datacenter, the EPGP servers reside in VMware clusters for high availability and redundancy. There is no single point of failure. This architecture provides a highly flexible and scalable architecture for EPGP computing services.
Data management
The EPGP data manager application automates most of the data management tasks performed for the EPGP study. These tasks include updating the status of participants' schedule of events/activities as phenotyping activities are completed and starting EEG and MRI workflows.
Informatics/IT technical support
The informatics team assists PIs and study coordinators to use the web-based applications, and answers any technical enquiries via telephone and email support. Informatics services include data management, software maintenance, scheduled one-to-one training, user manuals, and on-demand web-based training videos. Data management services include manually editing data when requested and generating one-off data extracts. The data management team also processes EEG and MRI files, which entails removing any personally identifiable information from the source files and converting these source files (e.g. EEG data files) from vendorspecific formats to accessible formats.
Security and privacy
Each participant is assigned a unique Participant Identifier (alphanumeric string) that is used to identify the participant's phenotypic records and specimens. All software applications and systems use encryption technologies and conform to all 21CFR Part 11 and HIPAA requirements. The web-based applications use SSL 128 bit encryption and users are forced to input their unique username and password before gaining access to any of the applications. All updates made to the data in the database are tracked and auditable. No protected health information is stored in the database, and participants are tracked using their unique Participant Identifier only.
Results
Phenotypic data collection
As of January 26th 2012, EPGP has successfully enrolled 3780 study participants. Of the 27,770 activities expected to be carried out for these participants, 21,632 (78%) activities have been completed. Fig. 6 shows the number of completed activities, which includes blood specimens stored at Coriell's repository, web-based data collection forms, medical record source documents uploaded, EEG reviews and MRI reviews. This represents over 3 million completed data-points in the EPGP data warehouse. 2258 EEGs (a combination of digital EEGs and EEG reports in PDF format) have been uploaded and consume over 60GB of file storage. 1470 MRIs (compressed DICOM files) have been uploaded and consume over 50GB of file storage. EPGP has collected complete AED histories on 1162 study participants. The AED Core has reviewed 764 (66%) of these participants' AED data thus far. The Data Review Core has reviewed 471 participants' data, the purpose of which is to identify potential corrections to the phenotypic data and enhance the quality of the data collected.
End user management
There are approximately 100 active end-users in EPGP's database, mainly comprised of study coordinators, PIs/Co-PIs and administrative/IT staff. End-users are provided with at least one hour of one-to-one training to use EPGP's informatics platform. We provide end-user support via a toll-free telephone number and email, and we receive between 50 and 100 end-user support requests each week. Support requests typically consist of new user account requests, requests for training, and data management requests.
End-user satisfaction
According to Doll and Torkzadeh [15] , there are five components of user satisfaction with information systems: content, accuracy, format, ease of use, and timeliness. Using their validated instrument for measuring end-user satisfaction, we conducted a survey of 85 end-users (21 PIs and 64 study coordinators only) about their level of satisfaction with EPGP's suite of web-applications. The end-user satisfaction construct was developed with a five point Likert-type scale (1 = almost never; 2 = some of the time; 3 = about half of the time; 4 = most of the time; and 5 = almost always). The response rate was 48% (11 PIs and 30 study coordinators), which is consistent with information systems management research [16] . As shown in Table 2 , the results of the survey strongly suggest that the level of end-user satisfaction is very high across all five components and there is little difference in satisfaction between the two groups. The level of end-user satisfaction of PIs was higher than those of study coordinators for content, accuracy and timeliness. Study coordinators' level of satisfaction was higher than those of PIs for format and ease of use. 
File transfer
EEGs and MRIs can be uploaded and downloaded extremely quickly and securely using FTP software. In a simple test, a 27MB EEG file was down loaded from EPGP's FTP server in less than 50 s over a 15 Mb/s internet download connection. Most clinical sites have even faster connections to the internet, so can achieve even greater download speeds, therefore making this a very effective and efficient alternative to sending physical CD/DVDs using costly traditional methods.
Discussion
Though academic research projects are less likely to have IT support solutions when compared to industry-sponsored research projects [17] , we designed and implemented a suite of novel web-based informatics tools for data collection and storage, specimen tracking, and data review. The successful implementation of the EPGP informatics platform has streamlined and standardized data collection methods, enabling us to manage the activities for the entire study in real-time and maximizing the quality of the phenotypic data collected. EPGP's informatics platform enabled us to conduct phenotyping activities and to collect large amounts of phenotypic data using web-based tools, resulting in substantial improvements and efficiencies over paper-based approaches [18] . The effective use of electronic data-capture tools helped ensure high-quality data were available for early review and rapid decision-making [19] .
End-users that responded to the satisfaction survey are, for the most part, very satisfied. The results of the end-user satisfaction survey suggested that study coordinators found the web-based applications easy to use and that information was displayed in a clear and useful format, and that PIs were provided with precise and accurate information in a timely manner.
Through there are other off-the-shelf applications available to help PIs set-up and manage their clinical studies, such as REDCap [20] and OpenClinica [21], we found that none of them adequately met the needs of EPGP. EPGP is somewhat unique in that the study was conducting "deep phenotyping" on its participants, which required the use of very lengthy data collection forms that had extremely complex branching (skip logic) requirements and question types. As the scientific needs of the EPGP study evolved during the early stages of the study, the informatics platform had to have the ability to change quickly too, and we would not have been able to achieve this agility or control with an off-the-shelf informatics platform.
A web-based system to manage and coordinate multisite studies is essential [22, 23] , and EPGP has benefited from its custom developed informatics platform. Some of our future plans include redesigning the database architecture and applications so that they can accommodate multiple studies concurrently and can be easily adapted to suit the specific requirements of these studies, without entailing any significant software changes. The experience gained from implementing and supporting the EPGP informatics platform will help with the design of new informatics tools to support future large scale collaborative research studies, and will,
Summary points
What was known before:
• There are no pre-existing informatics platforms that could handle the combination of data points that we have in EPGP, especially EEG and MRI, and the approach for phenotype verification that requires a Data Review Core.
What the study has added:
• A web-based system to manage and coordinate multisite studies is essential.
• EPGP has benefited from its custom developed informatics platform.
• The quality of the data collected has been improved through real-time access to the data, built-in data validation in the web-based data collection forms and by web-based data review applications.
• The EPGP informatics platform, and the experience gained developing it, will help with the design of new informatics tools to support future clinical research studies.
through this experience, help advance the domain of clinical research informatics [24] .
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